Equi-channel angular pressing (ECAP) of a Pb-Sn eutectic alloy up to six passes in a T-shaped die, rather than a conventional L-shaped die, was studied for grain refinement. The effect of ECAP on the hardness and tensile properties was studied. Microstructure predominately changed in the early part of the ECAP process and became equiaxed and uniformly distributed in both the longitudinal and the transverse sections after four passes. There occurred substantial softening over the first two passes-hardness of 10 Hv, yield strength of 14.2 MPa and tensile strength of 16.3 MPa in the as-cast condition decreased upon two passes to 6 Hv, 9.7 MPa and 13.0 MPa, respectively. The ductility (% elongation) increased drastically from <50% in the as-cast condition to 150% upon two passes, and further increased to 230% after four passes. Various tensile properties and concurrent microstructural evolution were used to develop a mutual relationship among them.
Introduction
Equi-channel angular pressing (ECAP) is one of the severe plastic deformation processes where the material is subjected to simple shear. Using the technique of ECAP, one can impose intense strain without any change in the cross-sectional area of the sample. This is used to achieve considerable grain refinement in the material, typically within sub-micrometer and even nanosize ranges [1] . These fine grains provide the opportunity for superplastic behavior with a high percentage elongation at relatively lower elevated temperature and faster strain rate.
The conventional L-shaped die consists of two channels equal in cross-section and intersecting at an angle near the centre of the die [2] . The material is made to enter one of the channels and exit through other channel without any change in cross-sectional area, while being subjected to simple shear. Since there is no change in cross-sectional area, the sample can be repeatedly pressed to obtain a large cumulative strain.
Numerous reports have been published describing microstructures and textures produced through ECAP processing. This has included various materials such as aluminum and its alloys [3] [4] [5] , copper alloys [6] [7] [8] , magnesium alloys [9] , pure nickel and its alloys [10, 11] , low carbon steel [12] [13] [14] , pure beryllium [15] , pure titanium and its alloys [16] [17] [18] and Zn-Al alloys [19] . In all these cases, the pressing was carried out using L-shaped die. It was thought that if the material of selected cross-sectional area could be divided to flow in two channels, but maintaining the same cross-section as the inlet, it could go through more severe mechanical working. In this case, 12 mm × 12 mm incoming sample gets into two interconnected horizontal channels, as will be described later. No attempt seems to have been made to extrude the material using a T-shaped die, where the material is placed in one channel and is made to exit from two channels without any change in the cross-section of the sample. Hence, in the present study, a T-shaped die was designed and fabricated for this new ECAP process. To study this new approach, a Pb-Sn eutectic alloy was selected and the study incorporates evaluation of microstructures and the mechanical properties with progress in ECAP. Selection of this model material is owing to the fact that it is easy to deform and it exhibits superplastic characteristics even at room temperature. 
Experimental procedure
A commercial Pb-Sn alloy ingot was used. The alloy was melted at a temperature of 250 • C and cast in a metal mold to obtain the required dimensions of 12 mm × 12 mm × 100 mm. The chemical analysis determined by using ICP-AES (wt.%) was: 40.17 Pb, 0.016 Fe, 0.071 Cu, 0.041 Al, and balance Sn.
The T-shaped ECAP die in this work consisted of an assembly of two blocks. One block carries the T-shaped channel whereas the second block just covers the channel. The dimensions of the block are 145 mm × 114 mm × 35 mm. The cross-sectional dimensions 12 mm × 12 mm of the inlet and the outlet channels are the same throughout. The material was placed in one channel of the T-shape and made to exit from the aligned horizontal channels, as shown in Fig. 1(a and b) . Shown here is the assembly of the sample and the plunger before and during pressing. A marking was made in the plunger so as to stop ECAP before it could hit the joint at T-section.
As seen in Fig. 1 , the inlet channel of the die is symmetric and the exit channel closer to the base is asymmetric with respect to their positions. Since the dimensions of the cross sections of the inlet and the exit channels are the same, no change in the crosssectional area of the sample at the exit occurs. In view of this, the process can be viewed as equi-channel angular pressing.
Colored layers of plasticine were chosen for pressing as a part of first trial to see the working of the die as well as to examine the flow of the material through the channel of the T-shaped die. Fig. 1(c) shows the deformation of plasticine (color of plasticine not shown here) at an intermediate stage of the pressing. Later, the ECAP for feasibility study was also done with a lead sample. Finally, detailed ECAP was carried out on the chosen Pb-Sn eutectic, which will be described in the present paper. The pressing operation was performed on a hydraulic press of 50 tonnes capacity. Proper alignment was made between the sample and the plunger to facilitate the operation and to avoid the breakage of the die. The samples and the die were lubricated with MoS 2 at each pass for easy removal of the samples after extrusion and also to avoid the frictional effect between the sample and the die during the extrusion.
Firstly, the as-cast Pb-Sn eutectic was subjected to ECAP for one pass. Later, another as-cast sample was subjected to two passes. In this case, the first pass was followed by the second pass by rotating the sample through an angle of 90 • . In the similar manner, for four and six passes ECAP was carried out by rotating the sample through 90 • after each pass.
Samples of Pb-Sn eutectic subjected to ECAP for one, two, four, and six passes along with the as-cast sample, were mechanically polished and hardness was measured using Vickers micro hardness tester with a load of 25 g held for 15 s on the longitudinal plane of the pressed samples. After the first pass ( Fig. 1(b) ), there appears to be partial deformation at the centre of the sample in the longitudinal direction. So, effort was made to examine the variation in the hardness throughout the length of the sample with successive passes. For this reason, hardness was measured at different points along the length of the sample from one end to the other. Cylindrical tensile samples were machined from the ECAP samples after zero, one, two, and four passes to study the effect of ECAP on tensile properties of the Pb-Sn eutectic. These samples were left at room temperature for 8 days prior to testing. However, the development of cracks during the sixth pass did not allow making any tensile specimen for this condition. The diameter of the gage section was 4.5 mm and the gage length was 16.5 mm. Tensile testing was carried out with an MTS universal testing machine at a constant actuator speed of 0.5 mm/min, giving an initial strain rate of ∼5 × 10 −4 s −1 . All the samples were deformed to fracture at room temperature. The fractured gage parts of each sample were mounted longitudinally for polishing and etching. Polishing was done mechanically, and etching was done with glycerol, acetic acid and nitric acid in the ratio 4:1:1. These samples were examined in the microscope from the shoulder section to the gage section at different points along the entire length of the sample. SEM (Hitachi Model S-3400N) was used to examine the fracture surface of the tensile specimens. The phase size was measured manually by mean linear intercept method from the micrographs taken from the fractured tensile samples. The volume fraction of the phases was obtained with the image analyzer (Olympus Model GX 51). The accuracy in phase size and volume fraction of phases was within ±10% at 95% confidence level.
Results

Microstructural characterization
The as-cast structure of Pb-Sn eutectic is shown in Fig. 2 . It consists of a dendritic structure of Pb-rich and Sn-rich phases. No difference was found in the microstructures between the longitudinal and transverse sections. Fig. 3 (a-d) shows the microstructures in the longitudinal and transverse sections of ECAP samples after one and four passes. After one pass, the cast structure is broken up but the sample reveals different microstructures in the longitudinal and transverse sections. In the case of longitudinal section, the alignment of phases in the shearing direction is revealed whereas in the transverse section the phases are distributed randomly. The microstructure observed after two passes was very similar to the microstructure after one pass. After four passes, the microstructures in the longitudinal and transverse sections both show the same volume fractions of the uniformly distributed Pbrich (␣) and Sn-rich (␤) phases. Also, there does not appear much change in the refinement of the microstructure after the first pass.
Hardness
The average hardness of the Pb-Sn eutectic in as-cast condition was found to be 10 Hv. The effect of ECAP on hardness is shown in Fig. 4 for one, two, four, and six passes at different points over the entire length of the ECAP sample. After first pass, there was a decrease of 64% in hardness, compared to the as-cast condition. The hardness along the length of the ECAP sample was not found to be uniform but instead exhibited a peak in the middle of the sample length.
In the case of sample after two passes, there appears a slight increase in hardness compared to that after first pass; at the same time the variation in hardness in the centre region is lower. As the number of passes is increased to four and six, there appears a further decrease in hardness. The variation in hardness is narrow at different points of the sample, reaching saturation after sixth pass. Fig. 5 shows a plot of average hardness (over the entire length of ECAP sample) as a function of number of passes. There occurs a rapid decrease in the hardness after one pass, which is attributed to the breaking up of the cast structure. Subsequently, there appears less effect of the number of passes on the decrease in hardness, which could be ascribed to a sluggish change in microstructure. The nature of the variation in hardness as a function of number of passes is consistent with an earlier report on Pb-4% Sb alloy subjected to L-shaped equi-channel angular pressing [20] . A similar trend was reported in a eutectic Zn-5% Al alloy, where the decrease in hardness with increasing number of passes was attributed to the softening effect [21] . Fig. 6 shows engineering stress versus engineering strain curves at room temperature for the as-cast and ECAP samples of Pb-Sn eutectic tensile tested to failure at an initial strain rate (ε i ) of 5 × 10 −4 s −1 . In the as-cast condition, the Pb-Sn eutectic exhibits an ultimate tensile strength (UTS) (σ u ) of 16.3 MPa and an elongation (El) of <50%. In the ECAP condition, after one pass, the UTS and the elongation were found to be 15.2 MPa and 120%, respectively. The increase in the elongation can be explained from the microstructure, which shows breakdown of the cast structure; fine equiaxed grains are known to exhibit superplasticity. The engineering stress-engineering strain curves in Fig. 6 show first an increase and then decrease in stress with increasing strain. Due to high temperature condition of deformation, the increase in stress with increasing strain is attributed to grain growth whereas the decrease is attributed to either recrystallization or breaking up of elongated grains into equiaxed grains [22] . However, the microstructural observation made here does not support these reasons. Kashyap and Tangri [23] reported that at relatively lower temperatures and higher strain rates the observed hardening may be associated with the conventional dislocation-based strain hardening. Other than the microstructural reasons, the source of increase in stress is not clear here as, based on the calculation of true stress one would get even greater value of stress than the engineering stress. The apparent decrease in stress may arise due to the decrease in strain rate during deformation, when deformed at constant actuator speed. Since the sample showed necking the corrections for true stress and true strain rate, as reported elsewhere [24] , were not meaningful. However, an attempt to make a correction for true stress and true strain rate, ignoring the necking in the specimen, results in a different nature of stress-strain curves. This is illustrated in Fig. 7 for one case, viz. from tensile test data after four pass. From the figure, it appears that while the strain hardening may still exist, the softening part of the curves may be due to necking provided no localized strain rate becomes effective enough to cause an increase in stress in this strain rate sensitive material. Table 1 summarizes the tensile properties along with the grain size (phase size) after ECAP. There appears a large decrease in yield stress after one pass of ECAP but subsequently less decrease with further number of passes. This is in conformity with the decrease in the hardness. The same kind of trend is revealed in the case of ultimate tensile strength. The rapid decrease in the yield stress after one pass is attributed to the breaking up of the as-cast structure. The refined cast structure and subsequent changes into the equi-axed microstructure lead to further decrease in the hardness and strength after four passes. The same microstructural evolution is responsible for the increase in elongation with increasing number of passes. Fig. 8 shows the variation in yield stress (σ y ) and UTS as a function of elongation at failure. Both yield stress and UTS decrease with the increase in ductility (elongation at failure) which, in turn, increased with increase in the number of passes as shown in Table 1 . Fig. 9 presents a plot of grain growth as a function of uniform strain (strain at UTS) (ε u ). Within the limitation of error bar the grain growth (increase in grain size (d g − d s )/d s , where d g is the grain size in the uniform section of gage at UTS and d s is the grain size in the shoulder section) was found to increase with increasing uniform strain.
Tensile properties
The microstructures at different points along the gage and the shoulder sections of the tensile specimens deformed to fracture are shown in Fig. 10 for one pass. There exists alignment of phases in the working direction in the shoulder section whereas the same become randomly distributed in the gage section, especially towards the fracture tip. The quantitative measurements Fig. 9 . Plot showing the dependence of the grain growth with uniform strain. of the phase volume fractions and phase size are presented in the top of each microstructure in Fig. 10 . As expected, the volume fractions of the two phases are found to be the same throughout the length of the tensile sample. However, in spite of the variation in local strains, especially in the necked region, the phase size (6.8-7.4 m) was not found to vary significantly. Fig. 11 shows the microstructures at uniform strain of the specimens in the as-cast, ECAP to one pass and four pass conditions. The phase size has decreased from 7.7 m in the as-cast condition to 7.1 m after one pass and finally to 5.4 m after four passes. There occurs a change in the phase-morphology wherein the as-cast microstructure shows a dendrite structure, after one pass it shows elongated phases and, following four passes, the sample shows random distribution of phases with equi-axed grains Fig. 12(a-c) shows SEM fractographs of tensile specimens deformed to fracture in (a) as-cast condition and after (b) one and (c) four passes of ECAP. All of the fracture surfaces revealed ductile mode of fracture. Further, there appeared large cavities in the case of the as-cast condition (Fig. 12(a) ), which could be due to the casting defects in the material. The appearance of dimples in one pass sample is coarser than that present in the four pass sample. This is attributed to the greater plastic deformation induced in the latter case.
Fractography
Discussion
Effect of T-shaped channel
Severe plastic deformation in L-shaped channel has been extensively studied in the literature and the strain attained in single pass is of the order of unity, based on the two internal angles (one between the channels and other at the outer arc of curvature) [2] . In the present die the input material is divided into two horizontal paths along the same line but in opposite directions ( Fig. 1(b) ). The strain attained in each pass was not analyzed owing to the uncertainty about how the distribution of incoming material into two paths takes place while still maintaining the same cross sections.
The measurement of hardness along the length of the ECAP sample shows more or less constant hardness values except in the middle of the sample (Fig. 4) , where the hardness remains high after one pass. This is attributed to the fact that the last part of the incoming sample could not undergo deformation, as the plunger was stopped in order to retain the cross-sectional area of the sample (Fig. 1(b) ). In this way, the microstructure present in the as-cast condition was only partially broken and the hardness locally remained higher than that in the rest of the sample. However, in subsequent pass the sample was introduced after rotation through 90 • . The increasing number of passes was able to remove the heterogeneity in deformation, as a result of which the hardness difference along the length of the sample was noted to be nearly absent after more number of passes. The microstructure in the as-cast stage is known to be unfavorable for plastic deformation. With increased mechanical working this microstructure breaks up and undergoes recrystallization to give fine equiaxed grains (Fig. 3) , which is known to give superplasticity [22] . The material thus shows softening, with increasing number of passes and reaches a stable state of constant hardness value.
Microstructural evolution and parameter of constitutive relationship
Room temperature tensile tests in this study, conducted at the strain rate of 5 × 10 −4 s −1 , represent the higher end of the superplastic region [25] . During superplastic deformation there occurs grain growth to varying extent depending on test condition. For example, an initial grain size of 11 m in a Pb-Sn eutectic was reported [25] to become 19 m upon superplastic deformation to elongation of 600% at a strain rate of 1.2 × 10 −4 s −1 and at a temperature of 391 K. In the present study, the grain growth is seen to be minimal, owing to the lower test temperature (298 K) and small elongations attained at failure ( Table 1) . The necking during tensile test was noted in the early stage of deformation and the uniform strain, as listed in Table 1 , varied from 10.5% to 48%. The grain sizes measured from the uniform section of the sample upon deformation to such small strains were significant when determined on the basis of grain growth per unit uniform strain. The grain growth (increase in grain size (d g − d s )/d s , where d g is the grain size in the uniform section of gage at UTS and d s is the grain size in the shoulder section) was found to increase with increasing uniform strain, which in turn was noted to increase with increasing number of passes. The dependence of grain growth on uniform strain, even though only marginal here, as shown in Fig. 9 , can be expressed by the following relationship:
Here R 2 is the correlation coefficient.
No systematic work was undertaken to find the parameters of the constitutive relationship [26] for superplasticity here. However, the grain sizes at uniform strains of different samples deformed here were used to determine their effects on UTS. As shown in Fig. 13 , the double logarithmic plot of UTS and grain size yields the following relationship.
The slope of the plot gives the value of p/n = 1, where p is the grain size exponent and n = 1/m is the stress exponent, the inverse of strain rate sensitivity index m. Taking the value of n = 2, shown for this material as summarized by Kashyap and Murty [25] and so also predicted by different models [27, 28] for superplastic deformation, the value of p is found to be 2. This supports the deformation to be dominated by grain boundary sliding but require an accommodation process, which becomes rate controlling for superplastic deformation, as elaborated in different theories.
Variation in ductility
Elongation to fracture has been the subject of study for several decades. The maximum ductility of >4800% was recorded in the Pb-Sn eutectic [29] . The present elongation to failure is much less than this and there appears necking in the early part of deformation, although the maximum elongation to failure is still found to be 230%. The lower ductility may arise due to the commercial grade of material used and the test condition (room temperature and higher strain rate) employed in the present work. By comparing with a detailed study made on superplastic behavior of Pb-Sn eutectic by Kashyap and Murty [25] , the strain rate employed here is towards the upper end of superplastic region; ductility as a function of strain rate is known to exhibit a maximum at some intermediate strain rate whereas it decreases when departing from this optimum strain-rate [30] .
In the literature, ductility has been analyzed by making use of strain hardening and/or strain-rate sensitivity index [31] . At low temperature, the uniform strain is known to be equal to strain hardening exponent whereas, during superplastic deformation, the ductility increases with increasing value of strain rate sensitivity index. However, the prediction of ductility still remains the subject of further work. In view of this, it is thought here whether, to predict ductility, one could make use of other tensile properties, which are dictated by microstructures. In this regard, the yield stress depends on the initial microstructure, whereas, the ultimate tensile strength depends on the initial microstructure and its evolution during deformation to the peak stress level. The yield stress and ultimate tensile strength were plotted as a function of respective elongation to failure (El) (Fig. 8) . The ductility is seen to increase with decreasing values of these stresses according to the following equations:
It is believed that the flow property is more sensitive to the nature or rate of microstructural changes rather than the initial microstructure or the structure at any strain level. Ahmed and Langdon [32] showed that the ductility of tensile specimen of smaller grain size was less than that of the coarse grain size as the former microstructure continued to evolve more during deformation. In view of this, an attempt is made here to examine the variation in ductility as a function of the overall flow hardening rate viz. (σ u − σ y )/ε u . A plot of ductility as a function of (σ u − σ y )/ε u is given in Fig. 14 . It is interesting that ductility depends better on the flow-hardening rate, and the same can be expressed by the following equation: El = −12.38 σ u − σ y ε u + 314.3, R 2 = 0.980
The microstructural evolution can continue beyond the peak stress during flow softening but it is surprising that the ductility is reasonably dependent on the rate of flow hardening occurring in the early stage of deformation. The decreasing ductility with increasing flow hardening rate was analyzed in terms of the microstructural changes that occurred. It is interesting that flow hardening increases with increasing grain growth rate (d g − d s )/ε u and so the ductility is found to decrease because superplasticity, involving grain boundary phenomena to facilitate deformation, becomes less favorable with increasing grain size. This flow hardening arising from concomitant grain growth has the effect of reducing the ductility, unlike the dislocation based work hardening that pushes the uniform deformability to a larger strain level [31, 33] .
Conclusions
1. A T-shaped equi-channel angular die was designed and fabricated, which was used for ECAP of the Pb-Sn eutectic at room temperature. This led to microstructural refinement giving a maximum tensile ductility of 230% after four passes, as compared to the ductility of <50% obtained in the as-cast state. 2. Non-uniformity in the microstructure was seen that led to hardness variation along the length of ECAP billet in the early passes, but the same diminished upon four passes, giving almost uniform structure and property. 3. Analysis of various tensile properties revealed them to be interrelated. The elongation to failure was found to decrease with increasing yield stress and ultimate tensile strength of the material. The flow hardening caused by concomitant grain growth was used to evaluate the value of the inverse grain size exponent p to be 2 in the constitutive relationship for superplastic deformation. This flow hardening led to a lowering of elongation to fracture.
